The emerging applications of biological cell separation to rare circulating tumor cell (CTC) detection and separation from blood rely on efficient methods of red blood cell (RBC) debulking. The two most widely used methods of centrifugation and RBC lysis have been associated with the concomitant significant losses of the cells of interest (such as progenitor cells or circulating tumor cells). Moreover, RBC centrifugation and lysis are not well adapted to the emerging diagnostic applications, relying on microfluidics and micro-scale total analytical systems. Therefore, magnetic RBC separation appears a logical alternative considering the high iron content of the RBC (normal mean 105 fg) as compared to the white blood cell iron content (normal mean 1.6 fg). The typical magnetic forces acting on a RBC are small, however, as compared to typical forces associated with centrifugation or the forces acting on synthetic magnetic nanoparticles used in current magnetic cell separations. This requires a significant effort in designing and fabricating a practical magnetic RBC separator. Applying advanced designs to the low cost, high power permanent magnets currently available, and building on the accumulated knowledge of the immunomagnetic cell separation methods and devices, an open gradient magnetic red blood cell (RBC) sorter was designed, fabricated and tested on label-free cell mixtures, with potential applications to RBC debulking from whole blood samples intended for diagnostic tests.
I. INTRODUCTION
T HE mainstay RBC separation technique is differential centrifugal sedimentation based on the characteristically higher RBC density relative to other blood cells. There are many advantages of centrifugal RBC separation as attested by its continuous use in clinical and research laboratories for over 50 years. However, this classical technique has drawbacks which become apparent in many of the proposed diagnostic devices, such as the emerging microfluidic applications and devices [1] , [2] . For these new applications to be user friendly and inexpensive, it would be ideal to replace the relatively expensive and cumbersome centrifugation step with a label-free, magnetic step. Examples of such noncentrifugal, label-free magnetic separations on a "chip" have recently been reported [3] , [4] . Therefore, we have evaluated a different principle for the RBC separation from blood based on cell magnetophoresis, and designed, built and tested a laboratory prototype magnetic RBC separator for low blood sample volume applications. RBC magnetophoresis is the cell motion in suspension induced by an applied magnetic field. We have measured the intrinsic (label-free) RBC magnetophoretic mobility (MM) in the course of previous studies using a technique referred to as cell tracking velocimetry (CTV), and have shown that it depends on the presence of high-spin hemoglobin in the cell [5] . In the presence of oxygen in solution, the electron spin of the oxygen-heme complex with the adjacent globin bonds has zero net value, resulting in their null contribution to the total RBC magnetic moment, and leaving the cell slightly more diamagnetic than water because of the globin diamagnetic contribution [6] . In the absence of oxygen, the net electron spin of the four heme groups in the hemoglobin is nonzero, resulting in their collective paramagnetic contribution that is almost equal, but of opposite sign to the total diamagnetic globin contribution, leaving the cell less diamagnetic than water. The net effect is such that the oxygenated RBC's in solution are pushed away from the magnet (have negative MM value) and the deoxygenated RBC's are attracted to the magnet (have positive MM value). The effect for the oxygenated RBC's is very weak and comparable to that of other (non-RBC) cells in the blood (that do not contain hemoglobin), so that they could be considered nonmagnetic ( , Fig. 1 ). The quantitative measurements of RBC mobility in cell suspension were the basis for engineering design, analysis and fabrication of a laboratory prototype magnetic RBC sorter built from commercially available, block permanent magnets to serve as a test bed for magnetic RBC separation experiments.
II. MATERIALS AND METHODS

A. Theory 1) Magnetophoretic Mobility (MM):
Magnetophoretic mobility (MM) governs particle transport in viscous media, induced by a magnetic field [7] . Its physical significance is analogous to that of electrophoretic mobility in the description of particle motion in an electric field [8] . It is defined as the ratio of the particle field-induced velocity, , to the local magnetic field energy density gradient, Fig. 1 . Magnetophoretic mobility of reduced RBCs is significantly higher than that of the oxygenated RBCs (used as a negative control), as shown here on mobility histograms generated by Cell Tracking Velocimetry (CTV). The magnetophoretic mobility of the Kg-1a cell line was comparable to that of the oxygenated RBCs (not shown).
where and are magnitudes of the local and fields in the absence of the particle. We have relied on magnetophoretic mobility as a basis of continuous magnetic cell sorting methods and instrumentation during our past studies [10] , [11] . The high sensitivity of the CTV technique to single cell motion allowed us to determine the relationship between surface antigen expression and the immunomagnetic superparamagnetic iron oxide (SPION) label binding [9] , and to measure the difference in the MM distributions between RBCs differing in the hemoglobin magnetic moment [5] . The different MM obtained for paramagnetic and nonparamagnetic erythrocytes agreed with values calculated on the basis of bulk hemoglobin content and red blood cell magnetic susceptibility measurements by Gouy's method [11] , superconducting quantum interference device (SQUID) [12] and nuclear magnetic resonance (NMR) methods [13] . For the typical values of an average magnetic field of 1.5 T and gradient of 100 T/m in the CTV analyzer, and the mean MM of the deoxygenated RBC, shown in Fig. 1 , corresponds to the mean velocity of 1.2 m/s.
2) Magnetic Centrifuge: For practical purposes, centrifugal acceleration in laboratory centrifuges is quoted in multiples of the standard gravitational acceleration, or "number of 's". In typical laboratory applications, the RBC fraction is separated from whole blood by applying a centrifugal field of to for between 15 and 5 min, respectively. The dependence of the field-induced velocity of the RBC, , on its magnetic susceptibility relative to that of the carrier fluid, , is mathematically similar to the dependence of the RBC sedimentation velocity, , on its mass density relative to that of the fluid,
, and therefore where m/s is the standard gravitational acceleration [14] . (Note that, in general, the volume magnetic susceptibility is equal to the mass, or specific, magnetic susceptibility times mass density of the substance, which upon substitution in the above equation, results in a dimensionless ratio of the mass susceptibility difference over mass density difference on the right-hand side of the equation.) Given that one measure of the effectiveness of a separation technology is the magnitude of the field-induced velocity, the inspection of the above equation allows one to directly compare centrifugal to magnetic separation. For example, the density difference between a RBC and typical suspending buffer is 84 kg/m , whereas the difference in the volume magnetic susceptibility between a RBC and suspending buffer is on the order of (Table I) . This indicates that an absolute value of of seven orders of magnitude higher than standard gravity is needed to achieve a 1:1 ratio of the magnetic field-induced velocity to the gravitational settling velocity for RBCs in aqueous suspensions. We have previously reported on magnet designs that are capable of T A/m . Here we provide initial experimental data for a design of T A/m evaluated at the magnet surface. In addition, the effect of low magnetic migration velocity, , is compensated for by a much shorter travel distance, m to achieve the RBC separation ( Fig. 2 ) than that in a typical laboratory centrifuge, 10 cm [15] , [16] . The values of key design parameters are summarized in Table I .
3) Magnetic Pressure and Viscous Flow Shear Stress:
The magnetic field, , was modeled either by using closed form formulas for rectangular block permanent magnets arranged to produce an idealized quadrupole field [17] , or using a commercial engineering software package to simulate the field of the actual steel and permanent magnets in the manufactured magnet assembly (2-D Magneto and 3-D Amperes, from Integrated Engineering Software IES, Winnipeg, Manitoba, Canada). The closed form approximation was used to visualize the magnetic deposition of the paramagnetic (reduced) RBCs inside a cylindrical tube of the "magnetic centrifuge" immersed in the quadrupole field, and to visualize the competing effect of the viscous flow shear stress that causes cell wash-off from the cylinder wall due to the imposed flow of the cell suspension through the annular flow channel [17] . Mathematically, the magnetic deposition was visualized as an isosurface on which the magnetic pressure, , was equal to the local viscous flow shear stress, and where is the axial flow velocity of the fluid through the annular channel formed by two co-axial cylinders inserted into the quadrupole magnet aperture (Fig. 2) , is the dimensionless radius equal to , which for the case of the inner wall of the annulus, , is the mean flow velocity in the channel (equal to the ratio of the volumetric flow rate, to the annular channel cross section, ), and and are the outer and inner annular channel radii, respectively [16] , , inside the quadrupole magnetic field (deep inside the magnet). The fluid cell suspension was contained between two concentric cylinders forming an annular flow channel of the thickness . The cell suspension mean linear flow velocity along the -axis of the annular channel was matched to allowing sufficient residence time for the RBCs to reach the wall of the outer cylinder. [19] . The magnetization entering the expression for the magnetic pressure, above, is the net magnetization of the RBC relative to that of water, whereas the local magnetic field is approximated by the expression for the free space because of negligibly small values of and as compared to unity. The numerical values of constants entering equations, above, are provided in Table I . The appearance of the magnetic pressure term in the generalized Navier-Stokes equation governing flow of viscous, magnetically susceptible fluids is discussed in [20] .
The sum of magnetic pressure and the viscous flow shear stress provided an intuitive picture of the interplay between the RBC magnetic deposition and the RBC wash-off due to the fluid flow (Fig. 3) and aided in the initial selection of volumetric flow of the cell suspension through the magnet.
B. Experiment 1) High Quadrupole Field From Stock Permanent Magnets:
For an ideal quadrupole field, a hyperbolic-shape pole tip is indicated, but we chose flat pole faces to take advantage of lower fabrication cost and the availability of high energy product, stock permanent magnet blocks from commercial suppliers (permitting some field nonuniformity). The permanent magnet blocks are readily available from online retailers, such as K&J Magnetics (Jamison, PA). These are nickel-plated neodymium-iron-boron (Nd-Fe-B) of energy product 42 MGOe. The specific magnet blocks were chosen under three criteria: 1) The overall arrangement of a quadrant grouping should approximate a half-trapezoid, the shape determined to yield the highest aperture flux density per unit magnet cross-section; 2) The thickness of the thinnest block should be such that it approximates the side of a regular octagon (Fig. 2) , whose dimension is dictated by the compatible channel diameter; 3) The axial lengths of each block should be such that an integer number sums to a specified assembly axial length-in this case 3 inches (76.2 mm)-to avoid the need to cut them. In all cases, the magnet blocks were purchased premagnetized through their thicknesses and arranged by polarity to yield a quadrupole field, as shown in Fig. 2 and Fig. 6 .
2) Experimental Setup: The annular flow channel was placed inside the quadrupole magnet and connected to a fluidics system comprising disposable, plastic syringes mounted on syringe pumps, diagonal switching valves, reservoirs for fluid carrier and sample, hardware to sparge nitrogen through the reservoirs (not shown), and an in-line light detector (not shown) used in the initial system optimization (Fig. 4) . The cell suspension was added to the sample container (with a magnetic stirrer that kept the cells in suspension for the entire injection process). Oxygenated RBCs were used as a negative control, and reduced RBCs (method given below) served as a positive control. The time sequence of loading the cell suspension into the magnet, stopping the flow to provide sufficient residence time for the RBCs to migrate to the channel wall, resumption of flow at low flow rate for nonmagnetic fraction elution, followed by high flow rate flush to recover the magnetic fraction, is illustrated in Fig. 5 . The sample volume was 0.020 mL; Fig. 4 . Experimental setup showing Quadrupole Magnetic Sorter (QMS) and the associated fluidics system. The fluid flow was driven by two independent syringe pumps (not shown) that were operated alternately at low flow rate (outlet a, collecting "eluate" fraction at 0.05 mL/min) and high flow rate (outlet b, collecting "retentate" fraction at 2 mL/min), the flow distributions being controlled by two diagonal switching valves. In selected experiments a light detector was inserted downstream from the QMS for in-line cell elution profile analysis. Here "Carrier" is the carrier fluid media used as a mobile phase. The Sample container was equipped for operation with the nitrogen gas for RBC hemoglobin conversion to the paramagnetic deoxyhemoglobin. thus, cells were processed per experiment resulting in an average throughput for a 30 min experiment (including deoxygenation) of cells/min. 3) Cell Model System: Human whole blood (with addition of citrate phosphate dextrose adenine (CPDA-1) as an anticoagulant) was received from the Cleveland Clinic Blood Banking and Transfusion Medicine lab following therapeutic phlebotomy under an IRB approved protocol. The whole blood was centrifuged (400 g, 5 C for 9 min) and washed (PBS) thrice to replace blood plasma and deplete the RBC preparation of white blood cells and platelets. The RBC hemoglobin was converted to paramagnetic deoxyhemoglobin by exposure to nitrogen atmosphere in the sample container prior to magnetic sorting (Fig. 4) . For positive control studies, RBC hemoglobin was reduced to paramagnetic methemoglobin (5 mL RBC stock suspension was mixed with 5 mL of 10 mM sodium nitrite solution and incubated for about one hour). The KG-1a cell line was purchased from The American Type Culture Collection (ATCC, Manassas, VA). This is a variant subline of the human acute myelogenous leukemia cell line KG-1. The cell line was cultured in Iscove's Modified Dulbecco's Medium (IMDM) with 4 mM L-Glutamine, 10% fetal bovine serum (5% CO2) and 1% Penicillin/Streptomycin (50 units/mL; 50 g/mL). The cell cultures were incubated for at least 2 weeks at 37 C and 5% CO saturation while replacing the culture media every third day. The IMDM was purchased from ATCC (Manassas, VA), whereas FBS and Penicillin/Streptomycin were provided by the Cell Culture Core at the Cleveland Clinic. The RBCs were mixed in equal proportion with the KG-1a cells and adjusted to a final number concentration of approximately mL as a model for hematopoietic stem cell culture conditions [21] . Cells were counted (in triplicate) using a hemacytometer.
III. RESULTS
A. Magnet Construction and Field Measurements
The pole pieces and blocks combine to form a square quadrant component of the permanent magnet assembly (Fig. 6) . The aperture width, the distance between opposing faces of the octagon, is 1.9 mm. The assembly of magnet blocks and pole pieces are held in place with 3/16 (4.76 mm) thick aluminum plates forming an outer shell (labeled "C" in Fig. 6) . A crosssection through the geometry with overlaid field color contours is indeed characteristic of a quadrupole field (Fig. 2) .
The impact of angle and axial position at fixed on is shown in Fig. 7 . The data is sourced from the output of Amperes, calibrated to match gaussmeter measurements. The interval from 0 to 45 degrees is sufficient to portray the entire aperture, due to symmetry. Thus, (the average evaluated at ) was found to be 1.55 T. corresponding to the inside magnet surface, (compare Figs. 2 and 6 ) and at (same radial coordinate, ). The calculated values were fitted to data points accessible to gaussmeter measurements. Fig. 8 . Paramagnetic methemoglobin RBC ("met RBC", left) served as a positive control for the magnetic cell separation, and were recovered mostly in the magnetic "retentate" fraction. Oxygenated RBCs ("oxy RBC", right) served as a negative control and were separated in the nonmagnetic "eluate" fraction, as expected. The cell number balance pre-to postseparation showed nearly complete cell recovery from both fractions ("check" grey columns). The small cell losses to the other fraction were attributed to incomplete conversion of the hemoglobin to its desired form used for the experiment. The error bars indicate one standard deviation.
B. Cell Sorting Results
The cell sorting experiments were performed using sequential fraction collection at low flow rate ("eluate") and high flow rate ("retentate") pump operation (Fig. 8) . The initial experiments were performed on the positive control (paramagnetic methemoglobin RBCs) and the negative control (diamagnetic oxyhemoglobin RBCs) cells to confirm the theoretically predicted volumetric flow rates required for the highest cell fraction recoveries (Fig. 8) .
Most of the paramagnetic met RBC were collected in the retentate fraction (as expected of the "magnetic" cells), whereas most of the oxy RBC were collected in the eluate fraction (as expected of the "nonmagnetic" cells), Fig. 8 . Subsequently, the magnetic RBC separator was tested on a mixture of deoxygenated RBC's (deoxy RBC) and the white blood cell line (KG1-a) mixed in equal numbers. The white blood cell line separated from the deoxy RBCs in the eluate fraction (with only Fig. 9 . Separation of RBC (dark/blue) from deoxygenated 50:50 mixture with Kg-1a cell line (light/green), by sequential elution from the magnet; recovering first, the Kg-1a cells at low flow rate (eluate) followed by the RBCs at high flow rate (retentate). The total cell number concentration was mL, . The noticeable Kg-1a cell losses in the system were attributed to their sedimentation. The error bars indicate one standard deviation.
few cells counted in the retentate), whereas most of the RBC's were collected in the retentate fraction, Fig. 9 . These results confirmed the feasibility of the RBC separation in an open gradient magnetic sorter and provided a basis for scaled-up sorter designs.
IV. DISCUSSION
Erythrocytes are an ideal cell model for label-free magnetic separation, because their structure is relatively simple and physical parameters, such as diameter, volume and hemoglobin contents, are homogeneous in the population of a particular individual [22] , [23] . Melville and co-workers showed in the mid 1970's the capture of erythrocytes, reduced after treatment with a sodium dithionite solution, using a ferromagnetic wire mesh in a high gradient magnetic separator (HGMS) with wire magnetized by an external magnetic field [21] . Later, Owen showed that RBC capture was also possible by conversion to methemoglobin RBC [22] .
The HGMS columns were the precursors of the immunomagnetic cell separation columns commercially available today, in which cell selection is achieved with the use of monoclonal antibodies linked to superparamagnetic iron oxide nanoparticles (SPIONs) [26] , [27] . It is interesting to note that the currently FDA approved, circulating tumor cell (CTC) detection method (for breast, colorectal and prostate cancers) is firmly based on magnetic cell separation without using centrifugation or hemolysis for sample preparation (Veridex LLC, a Johnson & Johnson Company)]. Label-free magnetic RBC separation may simplify sample preparation over current methods requiring immunomagnetic labeling with SPIONs. The RBC retention in a large volume of blood inserted into a superconducting NMR magnet has been studied [28] . Separation of white blood cells (WBC's) rather than RBC's, based on their diamagnetic repulsion in a single-wire HGMS configuration, has been described [29] based on earlier studies on a continuous selective HGMS in the repulsive force mode. Lack of RBC capture in HGMS arrays, proposed recently for labeled cell magnetic separation was noted [30] . However, there is a renewed interest in magnetic RBC separation on a small scale because of the enabling microfabrication technologies based on micro-electromechanical systems (MEMS) [2] - [4] , [31] , [32] and a potential for improved rare CTC recovery over current methods [33] .
The open-gradient magnetic separation presented here is aided by the fluid mechanics of the viscous suspension flow due to nonmagnetic cell radial drift away from the channel walls occurring in Poiseuille flow in straight, cylindrical channels [35] . The behavior of cells and other microparticles in viscous flow has been a subject of numerous experimental and theoretical studies [36] - [38] . Blood rheology has many different interesting properties that set it apart from an ordinary Newtonian fluid [39] . In particular, for a cell in contact with a solid surface, the shear flow causes cells to lift and move away from the surface even at low channel Reynolds number [40] . Such effects may oppose retention of nonmagnetic cells in the magnetic sorter and improve RBC purity in the magnetic fraction. Interestingly, the extent of the cell migration in a shear flow made it practical to propose a purely microfluidic depletion of RBCs from whole blood in high aspect ratio microchannels [41] . We have recently analyzed the importance of shear-induced microparticle diffusion in laminar flow suspensions [42] . The approach was applied here to develop a simple but useful model to visualize the effect of increasing flow rate through the annular channel on the magnetic RBC deposition on the channel wall (Fig. 3) . The model was limited to directly equating the energy density of the viscous flow shear stress (in Pa) to the magnetostatic energy density available to hold the magnetic RBC at the magnetic deposition surface (in J/m Pa). The simulations resulted in a qualitative agreement between theory and experiment, and provided the basis for improved visualization approaches to include secondary effects (such as the finite cell size). In the final analysis, based on the experimental parameters summarized here (Table I) , we have demonstrated the feasibility of label-free magnetic RBC separation from mixed cell suspensions in open-gradient magnetic field using a small volume laboratory prototype magnetic RBC sorter. The cell number throughput min was higher than that recently reported for a label-free magnetic sorting (albeit for different flow and magnetic field configurations) [4] . It was obviously much lower as compared to the capabilities of a state-of-the-art centrifugal RBC separation (on the order of min). Nevertheless, considering the potential of the magnetic RBC sorting for an in-line, uninterrupted operation for downstream analysis in microfluidic channels, and a potential for scale-up with increasing channel and magnet dimensions, such sorting may become superior to centrifugation in specialized applications to small volume analytes, such as CTC detection [30] . The challenges that remain are the ability to create a high magnetic field gradient (on the order of 1,000 T/m) in the volume of the cell sorting channel, and a rapid in-line conversion of low spin hemoglobin to high-spin hemoglobin (by deoxygenation or chemical treatment). Based on our current research (in preparation for publication) it is estimated that an open-gradient RBC sorter based on a practical permanent magnet assembly could be built to deplete the RBCs by a factor of 10,000 (to 0.01% of their original fractional concentration) in under 30 min from 5 mL of whole blood.
V. CONCLUSION
The rapid progress in permanent magnet materials science allows for the generation of high magnetic energy densities and gradients that were only possible in the past using large electromagnets or superconducting magnets. Their high field energy density and gradients in low volumes are ideally suited for application to label-free magnetic separation of RBCs, for potential replacement of centrifugation in microfluidics applications. The low cost and small sizes of the commercially available permanent magnet blocks make them ideal components of compound structures suitable for RBC separation.
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